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1 Introduction 

The calculation of magnetic field errors, both systematic a.nd random, closed orbit errors, and other 
parameters needed to track the Main Injector la.ttice MI17 are described in this paper. Tracking 
will be performed at injection (8.9 GeV/c), transition (21.5 GeV/c), slow extraction (120 GeV/c), 
and coalescing (150 GeV/c) using the code TPOT. Results will be the subject of another MI note. 
Whenever possible, measured field multipoles [l] are compared to the PE2D calculations [2]. Eddy 
current measurements have not yet been performed. This question will be addressed in a future 
MI note. 

At the Fermilab Magnet Test Fac.ility measurements of the magnet field shape and field quality 
have been performed. The tracking of the Main Injector (MI) lattice requires a detailed knowledge 
of the magnetic field quality and its variation from magnet to magnet. As of the date of this report 
only two MI dipoles have been built IDMOOl a.nd TDM002. Since field measurements of only two 
magnets are not enough for statistical analysis, we have used the data from the Main Ring B2 
dipoles. The data were obtained with a rotating coil and measured at 97 A, 210 A, and 1700 A. 
The rotating coil was placed at the center of the magnet (X = y = 0) to measure the body field 
multipoles. The B2 dipole strength is obtained from a flat coil measurement 1” wide. The new MI 
dipoles have been measured by a Hall probe, NMR. probe, Rotating coil, and Flat coil probe. The 
Hall and NMR probe measures field at any (z:, y, 2) location in the magnet. The rotating coil is 
a cylindrical probe of radius O.SG” with wire windings on the surface and measures the integrated 
(over the length of the probe) multipoles of the magnet. These measurements are later scaled to 
1” radius. The flat coil is a probe with several coil wound around a rectangular frame. The probe 
measures the integrated relative flux as a function of position by translation of the probe. It can 
also measure the integrated relative flux as a function of magnet current. 

2 Systematic Errors in Dipoles End and Body Multipoles 

2.1 Integrated End Field Using Flat Coils 

Three different methods for measuring the integrated end field using flat coils are presented. The 
first method is a direct measurement where one end of the flat coil is exactly at one end of the 
magnet as shown in Fig. la. The rest of the flat coil is completely outside the magnet. The second 
method, shown in Fig. lb, takes a series of mea.surelnents where one end of the flat coil is gradually 
pushed inside the magnet. A plot of the integrated end field versus the length of the flat coil inside 
the magnet is thus obtained. By extrapolating to zero length the end effect is calculated. The third 
method, described below, considers a combined flat coil mea.surement of the end and body fields 
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and a flat coil measurement of the body field. Referring to Fig. lc the sum of the integrated field 
of both ends is: 

~;Bdli~+2Bdl = JyBdl-JILBdl (1) 

Here L = 20’, the physical length of the ma.gnct. The first right hand term of the equal sign is 
the flux measured using a 24’ long flat coil. The second term, to a good approximation, is equal to 
the measurement obtained using a 16’4” long flat coil and scaled by the factor Lyip:,, . Following a 

notation more descriptive of the available measurements the above equation is rewritten as: 

On the other hand, 

J Bdl = U,L,/j (3) 
24' 

J L BdL 
- B, Ljol (4) 

20’ 

and so 

where L,ff is defined as: 

L eff = 
SL,,, Bdl x Lw4~~ 

SL,,,,,, Bdl 
@) 

With the existing end shape of the new MI dipoles L,,J is always smaller than Lzor and so the 
quantity in eq. 5 is always negative. Equation G is used to calculate the effective length of the two 
prototype magnets at different currents as shown in Fig. 6. 

Comparative results are shown in Table 2. The error in the field’ measured using flat coils is of 
the order of N 1% of the field value. This number is roughly equal to the ratio of one coil thickness 
to the total thickness of the coils. With this in mind, the agreement between the first two methods 
is good. The results of the third method, referred to a.s indirect, should be treated differently from 
the first two. This is the end effect for a field assumed uniform along the physical length of the 
dipole magnet. It is an end correction for a perfect dipole magnet. This method is more suitable 
for tracking because it preserves the physical length of the magnet as defined in the MI17 lattice. 
Any other method would require defining a. new physical length to be associated with the uniform 
field region and this can lead to some confusion. For tracking purposes we will select the multipoles 
of the integrated end field as calculated from the indirect method. This is described in the next 
section. 

2.2 Integrated End Multipoles Using Rotating Coils 

For the calculation of the integrated end multipoles we refer to Fig Id where L, = Lb = SO” (30” 
inside the magnet and 50” outside), L = 240”, and L, = 180”. Measurements of the end and 
body fields are made separately. The integrated end multipoles are calculated from the measured 
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quaatities J’, B,dl, JLb B,~ll, J’, B,,dl, ~.IIC~ JL, Ij,,dl. Let US Clefille: 

The variables p,, and q,l refer respectively to the lead encl and other end measurements, and V, to 
the body measurements. Similar to Eq. 1 the integrated encl multipole for either end is: 

In terms of relative units (xlO”u. at 1”) similar to the body fielcl multipoles, we have: 

(9) 

where Lend = 50”. 
The MI17 lattice will be moclifed to inclucle separate integrated multipole elements at each end 

of a dipole. The ends will have only systematic errors due to the iron saturation and its shape. 
Random errors will be added to the body fields measurements. 

2.3 Body Field Profile Using Flat Coils and Rotating Coils 

Multipoles of a rotating coil measurement a.re usecl to reconstruct the field in a circular region 
centered with the rotating coil and with a radius equal to the radius of convergence of the corre- 
sponding Taylor series. For a rotating coil centerecl in the gap of the dipole magnet this radius is 
equal to l”, the distance from the center to the closest pole face. Beyond the radius of convergence 
the multipoles are derived from a least square polynomial fit to the field profile. This latter is 
obtained either from overlapping rotating coil or flat coil measurements. In [3] a polynomial fit 
in 1-D (Z as the horizontal variable) was used when it was found that the tracking results were 
in disagreement with what has been observed in the Main Ring. The level of disagreement was 
significantly reduced when the coefficients obtained from a 1-D polynomial frt were used instead of 
the measured multipoles. A least square fit to the field in a 2-D region is also possible. Results2 
have shown, as one might expect, that the number of coefficients needed to best describe the field 
in a 2-D region grows very rapidly as one a.pproa.ches the edges of the region under consideration. 

Body field profiles of the new prototype dipoles are reconstructed for CC varying between [-l”, l”] 
and [-2”,2”] using three overlapping rotating coil and flat coil measurements. The coefficients of 
a 7th order polynomial fit to the flat coil measurements at 9500 A and 7000 A are given in Table 
3. At low currents, 1500 A and 498 A, the field profiles obtained from the flat coil measurements 
are not suitable for fitting. Instead we used overlapping coil measurements to reconstruct the field 
profile and a 10th order polynomial fit to obtain the coefficients. 

2.4 Dipole Error due to Variations in Effective Length 

Fig. 6 is a plot of the effective length versus current excitation for IDMOOl, and IDMOO dipoles 
without the remanent field correc.tion. The remanent field correction is expected to bring the 
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diverging curve at low CurrCllls closer t,o I.110 Sl,l’i3~igllt lines. III going from low energies to high 
energies the maximum change in clfectivc Ieugth is about S mm. This should be compared to 
preliminary calculations” which give a.round 6.S mm. Let H,, expected to be equal to -Z- be the 
nominal bending angle at 120 GeV for which L,// = L,.,f. At energies other than f%‘%eV the 
dipole bending angle will vaay due to a change in the eflec.tive length. To correct for this change a 
factor E is added where now: 

6 = (1+ c)(l+ L 2)Oo for long dipole 

es = $1 + E)(l + ;;L -)O, for short dipole 
Tef 

(11) 

(12) 

The correction factor E is defined such tha.t the closed orbit relation: 

is satisfied. N1 and N, are respectively the numbers of long and short dipoles. For E << 1 one can 
neglect the cross terms in c and e, After substitution 6 becomes equal to: 

where f = -& is the relative change in the effective length for the long dipole. It is assumed 

that the absolute change in effective length is the same for both long and short dipoles. Given the 
above relations one can calculate to a first order approximation the corresponding change in dipole 
field as: 

AB 
- N t + f for long dipole 
BO 

AB 2 
- - -6 + f for short dipole 
B, - 3 

L ,.ef is obtained from the solid line in Fig. G a,nd is equal to 6.0462m. At injection this value 
becomes 6.0492m. This gives an 6 = 5.6 x lo-“. The field change due to E is a systematic body 
error while the field change due to f is a systematic end error. This latter has already been included 
in the calculations of the integrated end field described in sections 2.1 and 2.3. 

3 Random Errors in Body Multipoles 

Up to now we have only considered systematic errors in the end and body fields of the dipole 
magnets. For the random multipole errors we will use the measurements of the Main Ring B2 
dipoles. However it was brought to our attention ’ that a fraction of the random error is caused by 
the measurement technique, which has improved over the past few years. Therefore the random 
errors derived from the B2 measurements are expected to be a worst case scenario for the new 
dipoles. The random errors in the dipole field, as mentionned in the introduction, are calculated 
from flat coil measurements. We will use the ra.uc1011~ errors of the B2 dipoles at 210 A to track 
the MI at injection and transition. The random errors at 1700 A will be used to track the MI at 
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slow extraction and coalescing eve11 t.11ougl1 tllth III~~IIP~ begirls to saturate. Another issue brought 
to our attention5 is the fac.t t1ia.t. half of tlic B2 dipoles 11ave coil encl in a plane opposite to the 
other half. The result is a. sl~ew cluatlrupolc positive for 11dI t11c dipoles and negative for the rest. 
This is not the case with the new dipoles a11c1 so the random error in the skew cluadrupole should 
be calculated using half of the I32 dipoles for which the coil end is in the same plane as the new 
dipoles. 

The random errors for the “New Style” MR quads are calculated using existing measurements. 
It is noted the variations with current of the octopole systematic ancl random errors are small. 

4 Closed Orbit Random Errors 

The closed orbit errors caused by random misalignments and field errors are given in Table 1. In 
generating Table 1 the following numbers have been a.ssumed: 

Dipole strength error g I1.l)Ls = 7 x 1 O-” at a.11 ctirrgies 

RMS roll angle = 0.50 mrad (z) 

Bending angle per dipole = && = N ‘2O.S5mr(~d 

Four dipoles per cell 

The tracking code TPOT allows for random clispla.cement errors and angular rotation errors. 
One should note that the random error calcula.tetl from the B2 dipole measurements is different 
from the above suggested value of 7 x IO-” . At 150, I20 GeV/c the value is 2.5 x 10m3, and at 
21.5, 8.9 GeV/c the value is 2.3 x 10-a. 

Quadrupole & BPM Displacement Errors Dipole Errors 
Strength (H-plane) Rotation (V-plane) c 

(Az),.~~ = (AY)~,$ = 0.25nm (A~>r,n.s = 0.020Gn1rad (AC?),,, = 0.0147nwad 
at all energies 

Table 1: Orbit errors 

5 Brief Summary and Results 

To summarize the dipole field including systematic and random errors is represented as: 

where b, It is the relative systematic dipole clue to a change in the strength of the bending angle,B, 
is the systematic body field multipole, (T,, is the rms ra.ndom error associated with the body field, 
and B, lendr,2 are the systematic multipoles at each encl of the magnet. 

The measured field multipoles, both normal and skew, for a long MI dipole and a “New Style” 
MR quadrupole are plotted in Figures 2-5. Listed in Tables 4-11 are the allowed multipole errors 

at the four desired energies, including the skew multipoles. The non allowed multipoles, as seen 
from Figures 2-5, are of the order of low5 in relative magnitude. This is almost at the noise level 
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of the measurements and therefore are not iiicluclecl. The only non allowed multipole to watch 
for is the quadrupole component in the dipole magnets due to the backleg gap. This problem has 
been studied in [a]. In each table the dipole field is expressed in Tesla (T), the quadrupole in 
Tesla per inch (T/in), and the higher order multipoles in relative units ~10~ (u). The reference 
radius is r = 1 in. The multipoles are numbered such that 6” corresponds to the dipole, 61 to 
the quadrupole, bz to sextupole, 6s to octopolc, bd to dcca,pole, etc..... Here b,, refers to a normal 
multipole and a, to a skew multipole. Skew multipoles in quaclrupoles are not listed because they 
can be easily corrected for. 

6 Other Tracking Parameters 

Tracking will be performed at only injection, trausitiou, and coalescing as mentionned in the memo 
by Holmes, and Peggs [5]. The following momentum offsets, obtained from [e], RF voltages obtained 
from [7], and corrected chromaticity will be usecl. 

l At injection (E=8.9 GeV) p ti = 2 x 10-s for 35,000 turns, with V,.f = 0.393 MV. Vertical 
and horizontal chromaticities Cv, <H corrected to -5, -5. 

l At transition (rt = 21.59, E=21.5 GeV) 9 = 10 x 10m3 for 1000 turns. Vertical and 
horizontal chromaticities cl,, CH corrected to -‘LO,-20 and +20,-l-20. 

l At coalescing (E=150 GeV) $ = 10e3 for 50,000 turns, and $ = 5 x 10v3 for 100,000 turns 
with V,f = 0.534 MV. Vertical and horizontal chromaticities (;J, &.I corrected to +5,-t-5. 

For each case the RF frequency is set to 54 MHz corresponding to a harmonic number of 588. 
Similar to MIlG, the machine fractional tune is set to 0.407 in the horizontal plane and 0.409 in 
the vertical plane. 
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Current (A) Intqjratc~l End I’icltl (‘1‘-III) 

Direct Meas. l3Sl.~il~~Olilt.iOll Intlilwt. Meas. 

of Other End hitd Elltl 01 IIC’1. 13lltl of I3OLll Ihtls 

500 0.00207 0.0004 u.uu12s -0.002 
1500 O.OOG2S 0.0013 u.oo:!ls 1 -0.0077 
7000 0.0291 0.0130 0.019OG -0.0394 
9500 0.037G 0.0034 0.02276 -0.051s 

Table 2: Integrated end field using three methods of calculations 

Table 3: Coefficients of a polynoxnia.1 fit to a hotly field profile at different currrents 
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II Dipole Systcnlalic and 1tn11tlon~ Multipole Errors 

Long MI Dipoles 
N = 216 

L = 6.096 m 
(2 Prototypes) 

Body (Calc.) kle&retl al. 9.5 IiA 

60 = (1.742) I .76 1 3~ O.UlM42’/’ 
62 = (-9.495) - 11.392~u.41~i~~. 
(12 = -0.0812 5 O.li67u. 
b.$ = (-1.323) - 1.311 f o.‘L91371. 
a4 = -0.0385 * 0.0675u. 
66 = (-0.0618) - 0.313 f 0.21 I Itr. 
UG = -0.0812 f 0.0769u. 
6s = -0.0594 zk 0.187011. 
a8 = 0.129f0.0i30u. 
ho = -0.OlS6 f 0.1760~. 
a10 -= -0.0882 f 0.0766~. 

I .wtl End 
0.0151 ix 07 
5.599 f ou. 
-u.171 It ou. 
-0.578 ItI ou. 
-0.0572 rf: 021. 
-0.391 * ou. 
-0.0483 * ou. 
- 1.00493 f O?d. 
-0.0745 zt 021. 
0.117*021. 
0.0821 z!z 071. 

Other End 
-0.0155 * OT 

6.258 f ou. 
-0.180 f ou. 
-0.538 * 021. 
-0.161 -f Ou. 
-0.411 * ou. 
-0.133 zt 0% 
-0.00751 f 021. 
-0.118 *ou. 
O.OG91 f ou. 
0.0257 f OIL. 

Short MI Dipoles 
N = 128 

L = 4.064 m 
(Not built yet) 

Use above 

“New Style” MR Quads 
L = 2.1336 m 

N = 128 

New MI Quads 
N=32 L=2.5 m 

N=48 L=2.953 m 
(Not built vet) 

Table 4: Dipole at Coalescing 

IJse above 

Quadrul~ole Systematic and Random Multipole Errors 
Body (Calc. at 3.630 kA)+End Measured at 3.5 kA 
bl = (0.532)0.5062 rt 0.001:3GT/i?l 
B3 = (8.847)5.405 zt 1 .S04ir. 
65 = (-1.345) - 1.706 f 0.25614. 
6, = (1.421)t1. 
69 = (-0.783) - OS99 f 0.0523~. 
bl = (0.531)T/dn 
b3 = (-0.119)ld. 
65 = (-1.443)~ 
67 = (1.304)~ 
bs = (-0.772)~. 

Table 5: Quadrupole at Coalescing. 
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Dil,olc Svskmat,ic and Itar~tlo~~~ Multinole Errors 

Long MI Dipoles 
N = 216 

L = 6.096 m 
(2 Prototypes) 

Short MI Dipoles 
N = 128 

L = 4.064 m 
(Not buit yet) 

Body (Calc.) Rheas. k i.00 Iii\ 1 Lead End kleas. 1 Other End Meas. 
bo = (1.382) 1.3GG k O.OWlJ7’ 1 0.0203 f OT 1 -0.0082G f OT 
62 = (-0.975) - 1.336 ZIZ 0.1 ISir,. 

(12 = -0.0354 f 0.1767rr. 
b4 = (-0.048) - 0.112 zt 0.291:ltc. 
a4 = -0.0496 f O.OG75u. 
6s = (-0.018) - 0.0983 5 0.21117~. 
1: 1 -0.0455 -0.0631 f f 0.187021. 0.07697r. 

a8 = 0.0998 f 0.073011. 
bl,, = 0.0024 f 0.17607~. 
a70 = -0.0536 4~ 0.07G6,~. 

5.653 * 0~. 
-0.Oii7 f 071. 

-0.4X* OIL. 
-0.OlSl f 0.u. 
-0.4G9 41 0.u. 
-0.132 * ou. 
-0.184 f Ou. 
-0.155 rt ou. 
-o.os31* ou. 

0.161 zk Ou. 

5.909 f 021. 
-0.131 f OZl. 
-0.494 f ou. 
-0.142 f Ou. 
-0.440 f ou. 
-0.112 f ou. 
-0.00173 f ov. 
0.0245 f Ov. 
-0.0538 zt ou. 
0.0210 f 021. 

Use above 1Jse above Use above 

“New Style” MR Quads 
L = 2.1336 m 

N = 128 

New MI Quads 
N=32 L=2.5 m 

N=48 L=2.953 m 
(Not built yet) 

Quadrupole Systematic and Random Mult,ipole Errors 
Body(Calc. at 2.904 kA)+Entl Measured at 3.0 kA 

65 = (-1.342) - l.G322 f 0.214Gu. 

bg = (-0.802) - 0.8532 -f 0.0989u. 
bl = (0.427)T/i7r 
63 = (-0.0964)u. 
b5 = (-1.407)n. 
b7 = (1.316)~. 

j bg = (-0.738)~. 

Table 7: Quadrupole at Slow Extraction. 



Dipole Systeiriahc iil~d Iki1~tl01t1 R/I ultipole Errors 
Body Meas. at 1.51 kA 1 Olher End Meas. 
60 = 0.2959 III 0.00053G7 
62 = 0.5559 f 0.6123~~~. . , * 
(12 = -0.04301 * 0.22OGrl. 
64 = 0.02248 zt 0.3148~1,. 
a4 = -0.01237 f 0.14G4rr. 
b6 = -0.0307G III 0.22S7,u. 
cz(j = -0.06130 f 0.082Gu. 
b8 = -0.04614 f o.%21?L. 
a8 = 0.07242 f 0.15347~. 

ho = -0.0045 f 0.2151~. 
aln = -0.058 f O.OS75u. 

Lt’iltl I’;lltl Ril<??lS. 

-0.005 I f 07 

4.924 It OK 

1.1051 f OrI. 
0.05055 * On. , . 
-0.36G * 071. 
-0.763 zt 071. 
-0.01703 f 071. 

1.0374 h ou. 
0.6000 It 011. 
-0.221 zk 07~. 
-1.114 * 011. 

-0.0 19 zt OT 
5.584 f o,u. 
-0.os14 f 021. 
-0.459 f 07L. 

-0.17SfOu. 
-0.4036 zt Ou. 
0.09G5 f Ou. 
0.00824 f Ou. 
-0.0494 zt ou. 
0.0239 f ou. 
0.0119fOu. 

Loug MI Dipoles 
N = 21G 

L = 6.096 m 
(2 Prototypes) 

Short MI Dipoles 
N = 128 

L = 4.064 m 
(Not built yet) 

Use above LJse al,ovr IJse above 

Quadraple Systematic antI Random Multipole Errors 
Av. Body+End Measured at, 0.5 l<A 

“New Style” MR Quads 61 = 0.07259 zt O.O00327’/i7~ 

L = 2.1336 m b3 = 4.S99f 1.45671. 
N = 128 6s = -1.5707 f 0.3Gu. 

67 = 
bg = -0.8644f0.1007~. 

New MI Quads 
N=32 L=2.5 m 

N=48 L=2.953 m 
(Not built yet) 

Not 
Available 

Table 9: Quatlrul~ole at Transition 
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Long MI Dipoles 
N = 216 

L = 6.096 m 
(2 Prototypes) 

Short MI Dipoles 
N = 128 

L = 4.064 m 
(Not built yet) 

Body(Calc.)Me&~. at 0.4VS i<A 

60 = (0.0992)0.0979 f O.OUO1777 
b2 = (0.2200)0.5118f O.Gl2:lrr. 
(12 = -0.04677 f 0.220671. 
b4 = (0.1839)0.2199+ 0.314S11. 
a4 = 0.0302 * O.14647r. 
6s = (-0.0403) - 0.0131 zt 0.2’LS?u. 
a6 = -0.0575 f 0.0826~. 
18 = -0.0367 f 0.2521U. 
a8 = 0.1232 f 0.1534U. 
bl,, = 0.0309 f 0.2151~. 
alfl = -0.0396 ztO.0875~. 

Use above IJse above 

“New Style” MR Quads 
L = 2.1336 m 

N = 128 

New MI Quads 
N=32 L=2.5 m 

N=48 L=2.953 m 
(Not built yet) 

Table 10: Dip&: at, Injection 

‘1’01’S 

0th lhd R4ea.5 
-0.0529 f OT 
0.2% * 071. 
0.0152 f ou. 
0.0972 f ou. 
-0.0377 f 021. 
-0.0418 f ou. 
0.0418 f ou. 
0.0192 f ou. 
-0.0812 f 021. 
-0.0185 f 021. 
0.0128 f 021. 

Use above 

Quatlrupole Systematic and Random Multipole Errors 
Av. Body (Chic. at 0.215 I;A)+End Meas. at 195 1tA) 
61 = (O.O319)T/i?~. 
63 = (9.390)5.854 f 1.0203~. 
6s = (-1,276) - 1.8218 zk 0.63127~ 

67 = (1.410)~. 
by = (-0.752) - O.SO23 f 0.0642~. 
b1 = (O.O317)T/i7, 
6, = (-0.304)71’. 

b5 = (-1.397)w 
67 = (1.295)u. 
69 = (-0.727)~. 

Table 11: Quadlupole rtt Injection. 
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End Measurements 
with Flat Coils 
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Figure 1: End and body field measuren~ents setup 
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Figure 2: Norma.l harmonic coelEcients vs current for long dipole 
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Figure 3: Skew harnlonic coefficients vs current for long dipole 
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Normal Multipole of BQB348 
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Figure 4: Normal harmonic coefficients for different multipoles (Here n=2 is quadrupole) 
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Figure 5: Skew harmonic coefficients FOI. tlifT’cv~~~t multipoles (Here n=2 is quadrupole) 



Effective length cm) vs current 
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Figure G: Effective length (111) vs current 
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